Abnormally high effective carrier lifetimes have been observed in multicrystalline silicon wafers using both transient and steady-state photoconductance techniques. A simple model based on the presence of trapping centers explains this phenomenon both qualitatively and quantitatively. By fitting this model to experimental data acquired with a quasi-steady-state photoconductance technique, it is possible to determine the trap density, trap energy, and the ratio between the mean-trapping time and mean-escape time. A correlation between trap density and dislocation density in the material has been found. © 1999 American Institute of Physics.
These extremely high apparent lifetimes in mc-Si have been suspected to be due to trapping effects, although the physical mechanisms remained unclear and a quantitative explanation of the experimental data had not been attempted. In this letter we examine a trapping model developed by Hornbeck and Haynes, 7 and also by Fan, 8 which was used in the mid-1950's to explain unusual carrier behavior in poorquality single-crystal silicon. While the main focus of the Hornbeck and Haynes paper was on the analysis of the transient photoconductance decay, we concentrate here on the steady-state situation, adapting the model for use with the QSSPC technique. In this technique, the photoconductance of the wafers is measured inductively while the sample is subjected to a slowly varying source of illumination. Provided that the rate of change of the light intensity is sufficiently slow, a steady-state analysis can be used to determine the effective lifetime. This technique provides a convenient way of exploring the behavior of the photoconductance under a broad range of illumination conditions. Figure 1 shows QSSPC data from four mc-Si wafers, depicted on a log-log scale. The four samples are from different parts of a p-type multicrystalline solar grade silicon ingot grown by directional solidification at Eurosolare, SpA. Wafers labeled 6A, 6B, 6C, and 6D come from the top, near top, center, and bottom of the ingot, respectively. The samples studied were phosphorus gettered, etched, and then given a light phosphorus diffusion and oxidation to passivate the surfaces. Grain sizes were, typically, about 40 mm 2 and, considering that the QSSPC technique measures a region of around 4 cm 2 , the results are effectively averages over several grains.
The extremely high effective lifetimes at very low injection cause the QSSPC technique to overestimate the lifetimes due to a partial breakdown of the quasi-steady-state assumption. 4 This can be corrected for by multiplying the lifetimes eff by a factor ( light 2 eff )/ light , where light 5 2.3 ms, the characteristic decay time of the flash used. To ensure that the correction was adequate, true steady-state measurements were also taken with a low-intensity halogen lamp. These measurements are shown in Fig. 1 and provide extra confidence in the corrected QSSPC measurements. Also present are a number of relatively shallow levels, which trap electrons, but do not contribute directly to recombination. The relevant density relating to these traps is the density of normally empty traps N t , which is dependent on the temperature and the Fermi level. The material used in this study was p-type mc-Si ͑0.8 ⍀ cm͒, and so, the Fermi level is quite close to the valence band, resulting in almost all the traps being empty when in equilibrium at room temperature. Consequently, the density of normally empty traps is effectively equal to the total trap density. Carriers are trapped at a rate proportional to 1/ t , where t is the mean time before trapping when all the traps are empty. The trapped carriers escape back to the conduction band at a rate proportional to 1/ g , with g is the mean time spent in a trap, and is independent of the proportion of traps occupied. Under steadystate conditions these rates are in balance.
In order to establish a physical picture of the effect of the traps, first consider the case when the carrier concentration is much greater than the trap density N t , a condition that can be obtained with strong illumination. In such a situation the proportion of electrons in the traps is small, even if most of the traps are full, and the excess hole and electron densities, ⌬p and ⌬n, respectively, are hence nearly equal. Recombination proceeds through the deep centers at a rate proportional to the photogeneration, reflecting the bulk lifetime of the material. Consider now different experimental conditions with lower light intensities. As the carrier concentration decreases to near and below N t , the proportion of electrons in the traps rises. Charge neutrality demands that ⌬p5 ⌬n 1 n t , where n t is the trapped electron concentration. Hence, as the trapped electron concentration begins to be appreciable, the excess hole concentration becomes significantly higher than the level that would be expected without traps. The result is a larger photoconductance and, therefore, an increased effective lifetime. The excess conductivity ⌬ ͑due to the untrapped carriers͒ is
where n and p are the electron and hole mobilities. At injection levels well below N t , the proportion of trapped electrons approaches a constant value determined by the trapping and escape times l and g , resulting once again in a constant but significantly larger, effective lifetime. According to the Hornbeck-Haynes model, the differential equations describing the kinetics of carrier populations in p-type material can be written as
where g e is the photogeneration rate of electron-hole pairs.
In the steady-state case, the left-hand sides of the above equations are both zero, reducing the relations to ⌬n5 g e r , ͑4͒
Note that for a given photogeneration rate the density of free-electrons ⌬n remains equal to that expected when no traps are present. The main consequence of trapping is an increased number of excess holes, resulting in an enhanced photoconductance.
In the common interpretation of steady or quasi-steadystate photoconductance measurements, the effective carrier lifetime eff is calculated from the excess conductivity and the photogeneration rate by assuming ⌬n5 ⌬ p:
The effective excess carrier concentration commonly determined in the QSSPC technique is ⌬n eff 5 g e eff . The model, expressed by Eqs. ͑1͒, ͑4͒, and ͑5͒, in conjunction with Eq. ͑6͒, can then be fitted to experimental data by adjusting the parameters r , t / g , and N t . Note that when ⌬n @N t t / g , then eff → r , a constant, as expected ͑until high injection effects become significant͒. Also, if ⌬n ! N t t / g , eff approaches the constant value p r g /͓( n 1 p ) t ͔. Our observations indicate that the ratio t / g is, typically, of the order 0.1 -0.01, and so, eff Ϸ10-100 r in this limit, much higher than the true minority-carrier recombination lifetime. The depth of the trap below the conduction-band E C 2 E T can also be estimated via
͑7͒
where k is Boltzmann's constant and T5 300 K. N C is the effective density of states in the conduction band, 10 with a value of 2.863 10 19 cm 2 3 . The calculated trap energies for each of the samples studied are given in Table I , with an average value of 0.386 0.03 eV below the conduction-band edge. It is possible that this value represents an ''average'' of more than one trap level present in the samples. As Fig. 1 shows, the model is clearly capable of describing the behavior of a variety of mc-Si wafers with very different recombination lifetimes over a broad range of carrier density levels. Table I contains the values of the fit parameters for the curves fitted to QSSPC data from the four wafers studied, indicating that the top of the ingot has the largest trap density and the bottom the lowest.
For the three samples with the highest recombination lifetimes r , the model fits the data very well. All these samples have diffusion lengths close to or greater than the sample thickness ͑300 m͒. However, for the sample with the lowest lifetime ͑6A͒, the diffusion length is only 50 m, causing the white-light illumination to produce a nonuniform carrier distribution across the thickness of the wafer. The simplified analysis of the QSSPC data no longer calculates the carrier density correctly, resulting in the calculated lifetimes becoming ''stretched'' along the horizontal axis. Possible solutions to this problem include the use of thinner wafers, or by illuminating with infrared light, which provides more uniform photogeneration.
Previous work has suggested a link between the presence of dislocations and trapping effects in single-crystal silicon.
11,12 Figure 3 shows a plot of the trap density against the dislocation density for the samples in Table I , plus data from five additional samples from the same ingot. The dislocation density, which was determined by counting etch pits under an electron microscope, is highest at the top of the ingot, probably due to high thermal stresses resulting from rapid cooling at the end of the casting process. Figure 3 reveals that a correlation exists between the densities of the trapping centers and dislocations for this particular mc-Si ingot. According to the results in Table I , there also appears to be another relationship between the recombination lifetime r and the ratio t / g . Additional work is needed to verify these correlations for other mc-Si materials, identify the physical origin of the trapping centers, and finally, their possible effect on device performance.
In conclusion, we have demonstrated that the anomalously high apparent lifetimes measured in mc-Si at low injection levels are caused by trapping of minority carriers, and that a relatively old theoretical model explains the observed injection-level dependence well. The trapping mechanism affects not only the transient measurements of the photoconductance, but steady-state measurements as well. .
